Predicting insect responses to global climate change involves understanding cross generation 7 effects of temperature. The majority of temperate insects overwinter in a state of diapause, a 8 pre-emptive response to winter conditions associated with increased cold hardiness. Diapause 9 is often induced following maternal adult detection of an environmental cue signifying the 10 onset of winter, whilst diapause is initiated in a subsequent life-stage/generation. Continued 11 global warming will expose adults to higher late-autumn temperatures, whilst diapause life-12 stages will still experience prolonged winter-cold. The cross generation effect of temperature 13 was investigated by acclimating adult Calliphora vicina to present day (15°C) and future 14 (20°C) late-autumn conditions and assessing cold-hardiness in diapause (D15 and D20) and 15 non-diapause (ND15 and ND 20) progeny. 16
INTRODUCTION 28
Insects residing within the temperate zone experience yearly winter cycles of low 29 temperatures, potentially freezing conditions and limited nutrient availability. To enhance the 30 chances of survival during this period, insects either migrate to more favourable locations, 31 which offer sufficient resources for growth and reproduction, or remain in-situ where 32 physiological and biochemical adaptations are implemented to assist winter survival (Tauber 33 Against this background, this study investigated the effect of adult acclimation history on the 110 cold hardiness of both diapause and non-diapause progeny of C. vicina. At the same time we 111 have investigated the relationship between diapause and cold hardiness, by identifying how 112 adult acclimation history affects: (1) the supercooling capacity, (2) cold tolerance, (3) and 113 rapid cold hardening (RCH) ability. 114
RESULTS

115
Supercooling capacity 116
Acclimating adults to either 15°C or 20°C had no influence on the SCP of ND larvae 117 (P=0.87) (Fig. 1) . For this reason, the effect of adult acclimation on the supercooling capacity 118 of ND progeny was not investigated any further. There was an effect of adult acclimation on 119 the SCP of D larvae, with D15 larvae (SCP = -18.9 ± 0.9°C) exhibiting significantly lower 120 detected in pupae from 15°C adults (Fig. 1, P<0 There were significant differences in the SCPs of D larvae produced from the cross 125 fertilisation of parental males and females held at either 15°C or 20°C (F 4,95 =8.0, P<0.001) 126 (Fig. 2) . The SCP was more strongly influenced by maternal than paternal acclimation 127 temperature, with crosses involving females held at 15°C having the lowest mean SCPs (♂20 128 
Lethal Times (LT) 134
Adult acclimation did not affect the cold hardiness of ND larvae, with the exception of LT 10 135 survival at -4°C (Fig. 3A, B) . 136 D larvae were significantly more cold tolerant than ND larvae, as determined by non-137 overlapping fiducial limits of LT values (Fig. 3A, B ). D15 larvae were also significantly 138 more cold tolerant than D20 larvae. For D larvae this was detected following all treatments, 139 with the exception of LT 10 survival at -8°C (Fig 3B) , and was most evident at -4°C, with a 140 14.6 day difference in the LT 50 value between D15 (26.0 ± 1.0 days) and D20 (11.4 ± 1.1 141 days) larvae. 142
Rapid Cold Hardening (RCH) 143
The DTs of ND and D larvae were not significantly influenced by adult temperature 144 (F4 ,24 =0.35, P=0.71) (Fig. 4) . The DT for ND15 and ND20 was slightly higher (2h at -10°C) 145 than for D15 and D20 larvae (2h at -11°C) although this difference was not significant 146 (P=0.71). DT survival ranged from 21.7 ± 1.7% for ND15 and ND20 larvae to 26.7 ± 3.3% 147 for D15 larvae. 148
A pre-treatment of 2h at 0°C prior to DT exposure was associated with a significant increase 149 in survival relative to direct transfer to DT for ND20 (survival 45 ± 4.2%) (P<0.001), ND15 150 (survival 35 ± 2.2%) (P<0.001) and D20 larvae (survival 45 ± 4.3%) (P<0.05) but not for 151 D15 larvae (survival 35 ± 2.2%) (P=0.35) (Fig. 4) . The effect of parental temperature was not 152 significant for either D (P=0.065) or ND (P=0.065) larvae. 153
Gradual cooling at a rate of 0.5°C min -1 to the DT induced a stronger RCH response than the 154 constant temperature pre-treatment, and survival of all larvae was significantly greater than 155 for their respective DT (P<0.001 for all). There was also a significant difference in survival 156 between ND and D larvae (F 4,24 =8.5, P<0.001). However, post-hoc analysis did not identify 157 a significant difference in survival associated with adult acclimation temperature for either D 158 (P=0.10) or ND (P=0.26) larvae. 159
Larval mass, water and glucose content 160
In general wet mass was lowest for D larvae (Table 2) , and significant differences were 161 detected across the four larval treatment groups (F 4,80 =4.9, P<0.01). ND15 larvae had the 162 greatest wet mass, and post-hoc analysis revealed this was significantly different from D15 163 and D20 larvae (P<0.05 for both). to note, however, that diapause incidence was 100% in all D15 and D20 samples used in this 206 study, i.e. all larvae were selected after 30 days post oviposition which denotes the start of 207 diapause in this species (Richard and Saunders, 1987). Thus, the cold hardiness differences 208 observed are not a consequence of differences in diapause incidence. Instead, there would 209 appear to be a separate cross-generational mechanism controlling plasticity in the cold 210 tolerance phenotype of diapausing larvae which is distinct from the physiological 'decision' to 211 enter diapause. To our knowledge this is the first evidence of such a trans-generational effect 212 on cold hardiness in insects, and clearly warrants further investigation. 213 Diapausing C. vicina exhibited a stronger supercooling capacity compared to ND larvae 214 irrespective of parental temperature conditions (Fig. 1) studies (Saunders and Hayward, 1998), D larvae were also significantly more cold tolerant 224 than ND larvae (Fig 3A,B) . Parental thermal history only had an effect within the diapause 225 programme, and differences in cold tolerance were greatest between D15 and D20 larvae 226 Despite these differences in chronic cold tolerance, there were no differences in survival 235 following acute cold stress between D and ND larvae, as determined by the DT (Fig. 4) . 236
Both ND and D larvae demonstrated RCH, with a slight increase in survival following 2h at 237 0°C, and a significant increase in survival following gradual cooling to DT at 0.5°C min -1 238 (Fig. 4) . The strongest RCH response was seen in ND larvae, which supports the idea of 239 diapause being an anticipatory response to chronic winter cold (Tauber et al., 1986) rather 240 than an immediate response to extreme and acute cold shock. For diapausing C. vicina in 241 particular, the winter period is spent in the thermally buffered soil microhabitat (Saunders and  242 Hayward, 1998), where selective pressures to enhance tolerance to prolonged cold exposure 243 are stronger than evolutionary pressure to tolerate sudden temperature fluctuations 244 (Saunders, 1987; Vaz Nunes and Saunders, 1989). Adult acclimation had no effect on the 245 RCH ability of D or ND larvae following 2h exposure to 0°C prior to DT exposure, or 246 gradual cooling to the DT. However, ND larvae from 15°C adults showed a markedly 247 stronger RCH response (86.7 ± 2.1%) than ND larvae from 20°C parents (75.0 ± 4.3%) (Fig.  248 4). While this difference was not significant, it may warrant further investigation, and would 249 represent a cross generation control of cold tolerance that was not linked to the diapause 250 (Table 2) , which combined with 258 greater cold tolerance (Figs 3A,B) and lower SCPs (Fig 2) , provides further correlative 259 evidence for glucose potentially contributing to increased cold hardiness. However, we also 260 noted a slight reduction (though not significant) in glucose levels between D20 and D15 261 larvae, despite the latter being significantly more cold tolerant and having a lower SCP. 262
Thus, it seems glucose may not contribute directly to cold tolerance in this instance, but could 263 instead be being metabolised into other cryoprotectants in D15 larvae, such as trehalose and 264 experienced by the maternal generation, although not sufficiently high to abort diapause, will 291 reduce the cold tolerance ability of diapausing larvae in the subsequent generation. All 292 scenarios could result in a significant increase in winter mortality. As a successful ubiquitous 293 species, it is unlikely that the long-term survival of C. vicina is under threat, though its 294 distribution range at high latitudes may be affected. However, given that maternal regulation 295 of diapause is common among temperate insects (Mousseau and Dingle, 1991), this response 296 could impact a wide range of insect species. 297
MATERIALS AND METHODS 298
The study species 299 C. vicina used in this study were sourced from the University of Birmingham campus, UK 300 • Long-day photoperiod (LD 18:6 h) at 15°C or 20°C to produce non-diapause (ND) 305 larvae (abbreviated to ND15 and ND20, respectively). 306
• Short-day photoperiod (LD 12:12 h) at 15°C or 20°C to produce diapause (D) larvae 307 (abbreviated to D15 and D20, respectively). 308 Diapause larvae were also produced from cross temperature cultures established under short-309 day photoperiods by separating males and females at the time of eclosion and culturing them 310 at either 15°C or 20°C. Males and females were combined after 10 days to create the four 311 crosses presented in Table 1, 
Supercooling capacity 327
Supercooling capacity was determined by attaching individual larvae to type K exposed wire 328 thermocouples (Pico Technology, Cambridgeshire, U.K) using a small amount of OecoTak 329 (Oecos Ltd, Kimpton, Hertfordshire, UK). Individual larvae were then placed into 1 ml 330
Eppendorf tubes (Sigma-Aldrich, Gillingham, Dorset, UK), which were placed in boiling 331 tubes submerged in a programmable alcohol bath (two tubes per boiling tube) (Bale et al., 332 1984). The temperature was reduced at 0.5°C min -1 from 11°C to -30°C and the SCP detected 333 by an exothermic output upon freezing. This was performed on larvae from all adult 334 treatments. For D samples, SCPs were also recorded at the egg, L1 (1 st instar larvae), L3-335 early (3 rd instar), and pupal stage (days 0, 1, 12 and 50 post-oviposition respectively), as well 336 as for newly eclosed adults (day of eclosion). N = minimum of 26 per treatment. 337
Lethal time (LT) 338
The LT was determined for ND15, ND20, D15 and D20 larvae. Three groups of ten third-339 instar larvae were placed in 10 ml glass vials containing 1 cm of sawdust, held in a 340 programmable incubator at either -4°C or -8°C, and removed at 3 RCH ability was then determined by: 356
• Holding larvae for 2 h at 0°C before transfer to the DT. 357
• Cooling larvae from 11°C to the DT at a rate of 0.5°C min -1
. 358
This was determined for ND15, ND20, D15 and D20 larvae (N = 60 per treatment). Controls 359 were held in 50 ml test tubes at 11°C for the duration of each experiment. 360
Larval mass, water and glucose content 361
Following measurement of whole-body wet mass to the nearest mg, ND15, ND20, D15 and 362 D20 larvae were dried for 2 d at 70°C to constant mass. Dry mass was then recorded and 363 water content calculated gravimetrically as a percentage of dry mass. Whole-body glucose 364 content was determined using a Glucose (HK) Assay Kit (Sigma GAHK-20, Sigma-aldrich, 365
Gillingham, Dorset, UK). Samples of five L3 larvae from the four adult treatments were 366 homogenized and diluted with deionised water. Glucose content was determinedspectrophotometrically by measuring absorbance of light at 340 nm. N = 80 for weight and 368 water content; N = 20 for glucose content. 369
Statistical analysis 370
Analysis of SCPs, RCH, mass, water content and glucose content data was undertaken using 371 SPSS (v. 20.0, IBM, New York, USA). Data were first subjected to a Kolmogorov-Smirnov 372 test to identify the distribution that best described results. RCH data was analysed using a 373 multivariate two-way analysis of variance (ANOVA) whilst all other data was analysed using 374 a univariate ANOVA. Significant differences between data points were identified using the 375 bonferroni post-hoc test with significance identified at P<0.05. Table 1 Adult temperature treatments used to determine the effect of paternal and 653 maternal thermal history on SCP of larval progeny. All adults were separated according 654 to sex at eclosion, cultured under a short day photoperiod (LD 12:12 h) and crossed after ten 655 days. 656 Table 2 ) and range (in brackets) for (a) ND and (b) D C. vicina larvae from 658
